The loss of epithelial barrier integrity in bronchial and bronchiolar airways may be an initiating factor in the observed onset of toxicant-induced lung injuries. Acute 1-h inhalation exposures to aerosolized jet propulsion fuel 8 (JP-8) have been shown to induce cellular and morphological indications of pulmonary toxicity that was associated with increased respiratory permeability to 99m Tc-DTPA. To address the hypothesis that JP-8 jet fuel-induced lung injury is initiated through a disruption in the airway epithelial barrier function, paracellular mannitol flux of BEAS-2B human bronchial epithelial cells was measured. Incubation of confluent cell cultures with non-cytotoxic concentrations of JP-8 or n-tetradecane (C 14 ), a primary constituent of JP-8, for a 1-h exposure period resulted in dose-dependent increases of paracellular flux. Following exposures of 0.17, 0.33, 0.50, or 0.67 mg/ml, mannitol flux increased above vehicle controls by 10, 14, 29, and 52%, respectively, during a 2-h incubation period immediately after each JP-8 exposure. C 14 caused greater mannitol flux increases of 37, 42, 63, and 78%, respectively, following identical exposure conditions. The effect on transepithelial mannitol flux reached a maximum at 12 h and spontaneously reversed to control values over a 48-h recovery period, for both JP-8 and C 14 exposure. These data indicate that non-cytotoxic exposures to JP-8 or C 14 exert a noxious effect on bronchial epithelial barrier function that may preclude pathological lung injury.
The major function of an epithelium is to provide a barrier between the environment and the tissue it covers. The boundary between these regions is formed by intercellular junctions that join adjacent cells to form a continuous barrier. Airway epithelia consist of zonula adherens, desmosomes, and tight junctions (Rennard et al., 1991) . In general, intercellular junctions provide two types of barrier: (1) prevention of diffusion of material from the airway lumen to the interstitium by protection of the intercellular space; and (2) provision of a continuous barrier in the external leaflet of the cell membrane.
Intercellular junctions maintain paracellular permeability by effectively creating transepithelial concentration gradients and transepithelial resistance.
Differences in airway epithelial tight junctions may be important for local variations in fluid permeability and regulation of barrier function. Thus, small changes to the structure or function of tight junctions may lead to significant changes in paracellular permeability. Human and animal studies have shown that the loss of epithelial barrier function is a common characteristic to a variety of pathophysiologic conditions in the airways (Boucher et al., 1988) . In addition to promoting fluid movement from interstitial regions into air spaces, the loss of barrier integrity may facilitate the movement of antigenic, infectious, or toxic environmental agents from the lumen into pulmonary tissues. These passive barrier properties are commonly altered after toxicant insults (Crandall and Kim, 1991) . Therefore, integrity of epithelial junctions and paracellular transport may be important factors in the susceptibility to and degree of toxicant-induced lung injuries.
The distal airways of the peripheral lung have been the primary focus of pathological changes associated with environmental-pollutant exposure and with allergic airways disease (Brusasco et al., 1990) . The acute pulmonary response to low concentrations of inhaled JP-8 jet fuel has been previously characterized in mice (Robledo and Witten, 1998) . One h of JP-8 exposure resulted in increased respiratory permeability to 99m Tc-DTPA, following concentrations as low as 50 mg/m 3 . In support of these findings, there was mild to moderate morphological injury to distal airway epithelium. Bronchiolar injury was characterized by epithelial necrosis and peribronchiolar edema, which was accompanied by increased levels of total protein in bronchoalveolar lavage fluid. Repeated exposures resulted in the progression of tissue injury to indications of pulmonary edema, endothelial vacuolization, and type II epithelial cell alterations (Robledo and Witten, 1998) . In addition, morphologic evaluation revealed dilated airway epithelial intercellular spaces, which is a typical observation of impaired barrier function. The morphological alterations to airway epithelia and enhanced respiratory permeability to 99m Tc-DTPA has led to the hypothesis that JP-8 jet fuel inhalation initially targets distal airways by modulating epithelial barrier function. Investigations on the modulation of pulmonary epithelial barrier function have utilized cell culture systems (Rochat et al., 1988; Simon et al., 1986; Sugahara et al., 1986; Yu et al., 1994a Yu et al., , 1994b Yu et al., , 1996 , due to limitations in the ability to control for the complex set of cell-cell interactions that occur in vivo. The BEAS-2B cell line has been utilized for in vitro investigations of ozone, particulate matter, asbestos, and cigarette smoke inhalation (Devlin et al. 1994; Kinnula et al., 1995; Steerenberg et al., 1998; Sun et al., 1995) ; airway inflammation and hyperreactivity (McDonald et al., 1993; Noah et al., 1991; Stark et al., 1992) , and tight junction formation (Noah et al., 1995) . This cell line was originally derived from normal human bronchial epithelial cells immortalized with an SV40-adenovirus 12 hybrid (Reddel et al., 1988) . The BEAS-2B cell line was chosen for this study based on its "normal" morphology and the JP-8 targeting of bronchial airways in vivo. In order to investigate the effects of JP-8 exposure on airway epithelial barrier function, a culture system was adapted to measure paracellular permeability. The objective of this study was to determine if JP-8 inhalation preferentially damages bronchial epithelia by initially modulating barrier function.
MATERIAL AND METHODS
Culture of human bronchial epithelial cell line. BEAS-2B cells, an SV-40 transformed human bronchial epithelial cell line, were obtained as gift from the laboratory of Dr. Dean Carter (University of Arizona). The cells were originally obtained from American Type Culture Collection (ATCC # CRL-9609, Rockville, MD) at passage 37 and were used between passages 62 and 75. Cells were grown in serum-free modified Lechner and LaVeck (LHC) medium at an initial density of 3 ϫ 10 5 to 5 ϫ 10 5 cells/cm 2 following previously described procedures (Lechner and LaVeck, 1985) . Cell cultures were maintained on 75 cm 2 polystyrene tissue culture flasks (Bectin Dickinson, Lincoln Park, NJ) precoated with VAF solution (30 g/ml; Vitrogen 100 collagen, Celtrix, Santa Clara, CA; 10 g/ml human fibronectin; Calbiochem, La Jolla, CA; 10 g/ml bovine serum albumin; Sigma, St. Louis, MO; LHC basal medium) and incubated at 37°C in a humidified 5% CO 2 atmosphere. The media was changed every 2 to 3 days until cells reached 80 to 90% confluence. Cells were subcultured for experiments by rinsing with calcium/magnesiumfree phosphate buffered saline (PBS-PD; Sigma, St. Louis, MO). The rinse was replaced by trypsin-EDTA-polyvinylpyrrolidine (PVP) (5% trypsin; Sigma, St. Louis, MO; 1% PVP; Biofluids, Rockville, MD), 10 ml/flask. Cell cultures were re-incubated for 5 min or until 90% of the cells detached. Trypsinization was stopped by adding 3 ml of soybean trypsin inhibitor (Boehringer-Mannheim, Indianapolis, IN). The cell suspension was transferred to a centrifuge tube and centrifuged at 350 ϫ g for 5 min. The cell pellet was resuspended in PBS-PD and centrifuged again for 5 min. The cell pellet was then resuspended in modified LHC medium. Cells were then subcultured and allowed to reach confluence (approximately 8 days) on inserts prior to experiments described below.
Measurement of cytotoxicity.
Cytotoxicity was determined by the colorimetric sodium 3(-[1-[(phenylamino)-carbonyl]-3,4-tetrazolium]-bis(4-methoxy-6-nitro)benzene-sulfonic acid hydrate (XTT) reduction assay as previously described (Roehm et al., 1991) . BEAS-2B cells were cultured as described above. Cells were replanted on VAF precoated 96-well plates (Bectin Dickinson, Lincoln Park, NJ) at a density of 8 ϫ 10 3 cells/well in 100 l of medium. Twenty-four h after plating, cells were dosed with 50 l of poly-L-lysine (PLL; Sigma, St. Louis, MO); PLL was dissolved in saline at an initial concentration of 0.3 mg/ml and then diluted to final concentrations with LHC medium. JP-8 and C 14 were dissolved in ethanol and diluted with LHC medium so that the ethanol concentration did not exceed 0.1% in the medium (Suleiman, 1987) . Eight h after dosing, 50 l of XTT solution (3 mg/ml XTT and 18 g/ml phenazine methosulfate) in PBS was added to each well. Cells were then incubated for an additional four h and viability was determined by measuring the reduction of XTT to a formazan. Formazan formation was quantified by measuring its absorbance at 480 nm on a Biolinx 2.20 plate reader (Dynatec Laboratories, Chantilly, VA). Results were expressed as percent of control viability for 2 cell passages at 6 replications each (n ϭ 2).
Measurement of barrier function. The measurement of epithelial barrier function was adapted from the work of Yu and colleagues (Yu et. al, 1996) . BEAS-2B cells were cultured as described above. The cells were replanted at a density of 2 ϫ 10 4 to 3 ϫ 10 5 cells per Transwell polycarbonate insert (0.4 m pore size, 6.5 mm diameter; Costar, Cambridge, MA), which was precoated with Vitrogen 100 (50 l/insert; overnight) and VAF (15 min before planting). The modified LHC-9 medium on the apical (0.2 ml) and basal (0.35 ml) sides of the cells was changed every 2 days. Experiments were performed on confluent cell cultures. Confluence was verified when cells prevented the diffusion of apical medium to the basal side. Confluence was also monitored histologically by fixing extra cell monolayers with 10% neutral buffered formalin (Sigma, St. Louis, MO) and removing the insert membrane for Diff-Quik staining (Dade Diagnostics, Aguada, PR) on days when medium was changed for experimental cells (data not shown), and by observing formation of transepithelial resistance with an EVOM chopstick style electrode (World Precision Instruments, Sarasota. FL). Transepithelial resistance formation ( Fig. 1) was consistent with confluency and tight junction formation, as previously reported for BEAS-2B cells (Noah et al., 1995) . Each experiment used wells of cultured cells in quadruplicate and was perfomed in 4 different cell line passages (n ϭ 4). Cells were exposed by replacing apical medium with 0.2 ml of non-
FIG. 1.
Temporal development of transepithelial resistance, as a measure of confluency, in BEAS-2B cells following subculture onto transwell inserts. Each time point represents mean Ϯ SD for 4 cultures of cells. Initial resistance was measured at day 1. The data was corrected for the resistance of the transwell insert.
cytotoxic dosing solutions of PLL, JP-8, C 14 , or vehicles (as determined by XTT assay described above). PLL is a polycationic, permeability-enhancing molecule that served as a positive control (Yu et al., 1994a) . Cells were treated for a 1-h exposure period and then inserts were placed in new 24-well plates prefilled with 0.35 ml/well fresh medium at 37°C. Apical medium was removed and replaced with 0.2 ml of medium containing 0.25 Ci/ml 3 Hmannitol (20 Ci/mmol, 1 mCi/ml; NEN, Boston, MA) at 37°C. Paracellular flux in the apical (lumen) to basolateral direction was calculated from the radioactivity in 10 l samples of basal solution removed over a 2-h incubation period. Samples were taken at 0 (immediately after addition of radioactive medium), 0.5, 1, 1.5, and 2 h for the acute study and at 12, 24, and 48 h for the recovery study. Yu and colleagues (1994b) previously determined that there is not a significant difference in flux measurements between the two directions.
To determine cumulative flux in each experiment, samples were taken from all 4 wells at each time point and for all 4 passages of cells. Measures of permeability in each well were considered dependent values that were averaged to arrive at the value for each passage. The flux values for each passage were averaged to arrive at the mean value for each time point.
Radioactivity was determined by liquid scintillation counting (Beckman LS 5000, Fullerton, CA) and was corrected for counting efficiency by subtracting time 0 results. Paracellular flux of mannitol was calculated from the following simplified formula:
where F is the average flux across the cell layer between time 0 and each time point (t), C is the radioactivity in the apical sample (DPM), V total is the volume of the solution in the basal side at the time of sampling, V sample is the volume of the sample taken, ␣ is a constant that equals 0.17 nCi/DPM, SA is the specific activity of the 14 C-mannitol (5 ϫ 10 -5 nmol/Ci), and area is the surface area of the insert filter (0.33 cm 2 ). Cumulative flux data are expressed as nmol mannitol/cm 2 at each measurement time. There was no compensation for variations in hydrostatic pressure caused by sampling from the basal side without replacement, so the results may reflect inherent bias.
Statistical analysis. Cytotoxicity data are presented as mean Ϯ SD and paracellular flux data are presented as mean Ϯ SE. Differences between means for group data were tested for significance by analysis of variance (ANOVA). Fisher's protected least-significant difference multiple t-test was used to identify significant differences between groups. Statistical analyses were carried out with StatView 4.5 Statistical software (Abacus Concepts, Berkeley, CA) and p values Ͻ 0.05 were considered significant as compared to the respective vehicle control groups.
RESULTS

Cytotoxicity
In order to exclude cellular damage as a factor in barrier function experiments, cytotoxicity was estimated by measuring the bioreduction of XTT to a formazan. Following exposure of BEAS-2B cells to PLL for 12 h at 2.5 or 5.0 g/ml, no significant differences from saline vehicle-exposed cells were observed in formazan production (Table 1) . In contrast, significant decreases in formazan production were observed following PLL concentrations of 7.5 and 10 g/ml, amounting to 78 and 35% of control formation, respectively. Following exposure of cells to JP-8 or C 14 for 12 h at 0.17, 0.33, 0.50, or 0.67 mg/ml, no significant differences in formazan production were observed from 0.1% ethanol vehicle-exposed cells (Table 1) . Formazan formation was at least 95% percent of control for all JP-8 and C 14 exposures. Based on these results, PLL concentrations of 1.25, 2.5, and 5.0 g/ml were chosen as positive controls for paracellular permeability experiments and JP-8 or C 14 concentrations of 0.17, 0.33, 0.50, or 0.67 mg/ml for test exposures.
Effects on BEAS-2B Barrier Integrity
The dose-related effects of 1-h exposure periods of BEAS-2B cells to 0, 1.25, 2.5, or 5.0 g/ml PLL on the paracellular flux of mannitol, during a 2-h incubation period immediately following the end of exposure, are summarized in Table 2 . At PLL concentrations of 2.5 and 5.0 g/ml, significant increases in flux were observed that reached 48 and 71% above control, respectively, at 2 h post-exposure. The doserelated effect of a 1-h exposure period to 0, 0.17, 0.33, 0.50, or 0.67 mg/ml JP-8 on the paracellular flux of mannitol during the same 2-h incubation period are summarized in Table 3 . At JP-8 concentrations of 0.50 and 0.67 mg/ml, significant increases in flux were observed that reached 29 and 52% above vehicle control, respectively, after the incubation period. The effect of C 14 , a major constituent of JP-8, on BEAS-2B paracellular (Table 4) . If the concentrations of PLL, JP-8, and C 14 used in this study were truly non-cytotoxic, changes in paracellular mannitol flux should theoretically be reversible. Therefore, the above experiments were repeated, using the highest concentrations of PLL, JP-8, or C 14 , with the measurement of transepithelial permeability during a 48-h incubation period, following a 1-h exposure period. The effects of 5.0 g/ml PLL, 0.67 mg/ml JP-8, or 0.67 mg/ml C 14 on BEAS-2B paracellular permeability reached a maximum at 12 h, enhancing permeability by 276, 367, and 376%, respectively, over vehicle control (Fig. 2) . Paracellular mannitol flux then spontaneously returned to control values for all treatment groups by 48 h.
DISCUSSION
The direct exposure of bronchial epithelial cells to hydrocarbons is believed not to have been previously studied. Previous experiments on acute and short-term JP-8 jet fuel inhalation suggested that the early stages of lung injury commence with a loss of airway epithelial barrier function. In vivo results demonstrated enhanced respiratory permeability, dilated intercellular spaces, and pulmonary edema. The present study was designed to examine the direct effect of JP-8 or C 14 on bronchial epithelial barrier function, in order to address the hypothesis that JP-8 exposure will initiate lung injury by decreasing airway epithelial barrier function.
The polycationic molecule, PLL, was selected as a positive control for its previously described ability to modulate epithelial barrier function by enhancing paracellular permeability to mannitol in vitro (Yu et al., 1994a (Yu et al., ,b, 1996 . Confluent BEAS-2B human bronchial epithelial cells, grown on porous polycarbonate inserts, were exposed to increasing non-cyto- toxic concentrations of PLL for 1 h and then incubated with mannitol for the 2 h immediately following the exposure period. The results demonstrated that PLL induces dose-dependent increases in paracellular permeability, that were consistent with previous studies on human and canine bronchial epithelial cells (Yu et al., 1994a (Yu et al., , 1996 . BEAS-2B cells were then exposed to increasing non-cytotoxic concentrations of JP-8 or C 14 , a major component of JP-8, in the same manner as PLL. The results indicated that both JP-8 and C 14 elicit dose-dependent decreases in barrier function by enhancing paracellular permeability to mannitol.
The experimental concentrations of JP-8 and C 14 are believed to be within the range shown as toxic, following inhalation in mice. We have indirectly measured the JP-8 lung content to be approximately 100 g immediately after a 1-h inhalation exposure to 140 mg/m 3 (unpublished data), which has been shown to cause lung injury (Robledo and Witten, 1998) . We have estimated the concentration of JP-8 in the epithelial lining fluid to be in the range of 0.4 mg/ml for a mouse, following a 140 mg/m 3 inhalation exposure. This was based on a 30-g mouse having a total airway and alveolar surface area of about 1,000 cm 2 (Geelhaar and Weibel, 1971 ) and estimating the average thickness of the epithelial lining fluid to be approximately 2.5 ϫ 10 -4 cm (Gil and Weibel, 1969/70; Mercer et al., 1994) . This estimates the volume of the epithelial lining fluid to be approximately 0.250 cm 3 or 250 l. Assuming the JP-8 lung content of 100 g to be evenly distributed in the epithelial lining fluid prior to dissolution into lung tissue, the airway epithelium would be exposed to a JP-8 concentration of 0.4 g/l or 0.4 mg/ml. The JP-8 and C 14 concentrations are also in the range of related hydrocarbons found in the blood of experimental animals following toxic exposures (Rao and Pandya, 1978; Suleiman, 1987; Zahlsen et al., 1992) .
The direct mechanism(s) by which epithelial barrier function can be altered endogenously or exogenously is/are not understood. It has been postulated that intercellular junctions and paracellular permeability may be impaired through activation or disruption of contractile microfilaments within the cytoskeleton (Madara et al., 1987) . Interaction of cationic species, such as PLL or inflammatory mediators, with the negatively charged glycocalix of cell membranes is also thought to modulate paracellular permeability (Yu et al., 1994a) . Since JP-8 is primarily a mixture of non-polar hydrocarbons, its effect on barrier function should be independent of these ionic interactions. JP-8 is primarily composed of straight chain alkanes ranging from 8 to 17 carbons in length (NRC, 1996) . Alkanes within this range have been shown to be capable of intercalating within membrane bilayers (Johannsson et al., 1981; Pope and Dubro, 1986; Pope et al., 1989) . Upon dissolution into membranes, the n-alkanes can inhibit or modulate normal cellular activity by disturbing lipid-lipid and lipid-protein interactions.
Disruption of cytoskeletal microfilaments and membrane homeostasis may involve lipid peroxidative mechanisms. In vivo and in vitro experiments on the effect of ozone or NO 2 inhalation have observed alterations in bronchial and bronchiolar epithelial junctions that resulted in increased paracellular permeability (Alpert et al., 1990; Gordon et. al, 1989 Gordon et. al, , 1986 Madden et al., 1993; Yu et al., 1994b) . These studies observed increased lipid peroxidation that appeared to be associated with intercellular junction degradation and increased epithelial permeability. While JP-8 is not considered an oxidant like ozone and NO 2 , petroleum products and hydrocarbons, within JP-8, have been observed to initiate lipid peroxidation within cellular membranes of alveolar macrophages (Suleiman, 1987) and the endoplasmic reticulum of hepatocytes (Rao and Pandya, 1978) . The alteration of bronchial epithelial membranes by lipid peroxidation may be one mechanism that allows other pathological effects (e.g., enzyme leakage, edema, and necrosis) to emerge as consequences of JP-8 inhalation.
Integrity of airway epithelial barrier function may be an important factor in the pathogenesis of JP-8-induced lung injury. JP-8 may initiate alterations in the paracellular permeability of airway epithelial junctions that lead to changes in fluid transport and barrier function. JP-8 induced bi-directional changes in paracellular permeability may promote vascular extravasation and emeda formation in airway and alveolar regions of the lung, as observed in our animal models of JP-8 inhalation (Robledo and Witten, 1998) . Changes in fluid and solute flux could ultimately lead to impaired alveolar gas exchange. Epithelial barrier dysfuncton may also facilitate the movement of antigenic and infectious airborne matter from the airways into the interstitium and vasculature. This in turn may initiate a cascade of inflammatory events as observed by alveolar macrophage infiltration and activation following acute JP-8 exposure (Robledo and Witten, 1998) .
Subsequent experiments demonstrated that the impairment of barrier function elicited by PLL, JP-8, or C 14 progresses for at least 12 h post-exposure and spontaneously reverses by 48 h. This is in contrast to the work of Yu and colleagues (1994a) , which showed that the effect of PLL on barrier function was reversible in 15 min. The difference may be explained in that they utilized primary canine bronchial epithelial cells, as compared to the established BEAS-2B cell line used in the present study. They subsequently determined that reversibility in barrier function was not due to cellular proliferation by measuring 3 H-thymidine uptake. However, cellular proliferation may be a significant factor in the reversing of BEAS-2B barrier function, even if the exposures were non-cytotoxic. BEAS-2B cells have been shown to double in population within 24 to 48 h, depending on the growing medium (Lechner et al., 1981; Reddel et al., 1988) . It remains to be determined if the reversing of PLL, JP-8, or C 14 effects on BEAS-2B barrier function was due to spontaneous changes in intercellular junctions or was in combination with cellular proliferation.
In conclusion, intercellular junctions have an integral role in the formation and function of epithelial barriers within many tissues. One of the primary functions of airway epithelium is to provide a barrier between the environment and pulmonary tissues. Exposure to JP-8 or C 14 was observed to increase BEAS-2B paracellular permeability, presumably through the alteration or degradation of tight-junction structure. These data indicate that non-cytotoxic exposure to JP-8 or C 14 exert a noxious effect on airway epithelial barrier function. Loss of bronchial epithelial integrity may preclude and initiate the pathologic alterations observed in bronchiolar and alveolar epithelia following acute or short-term JP-8 aerosol inhalation (Robledo and Witten, 1998) .
